Introduction
It has been generally assumed that the exchange of gases between the intercellular spaces of leaves and the external atmosphere occurs to an appreciable extent only when the stomates of the leaves are open. However, attempts to correlate the observed rate of CO2 absorption either with the number of stomates per unit area or with stomate area have met with only limited success. VERDUIN (16) believed that the lack of correlation between diffusion rates and degree of stomate aperture was attributable to the interference of diffusion shells. MITCHELL (8) has reported that stomates on leaves of Cineraria apparently were closed before wilting occurred, yet these plants in some instances absorbed 70% as much CO2 as the control plants.
In a study of the effect of soil moisture on photosynthesis of apple leaves, SCHNEIDER and CHILDERS (12) found on several occasions high rates of photosynthesis when the stomates appeared to be completely closed. VER- DUIN and LooMIs (15) found that wilted maize plants absorbed less CO2 than turgid plants. However, the decrease in CO2 absorption was not proportional to the decrease in stomate size as measured by a porometer. The average absorption of CO2 by wilted leaves was 37%o of the controls.
Considerable variation in the absorption of CO2 through the epidermal cells of leaves during photosynthesis was observed by FREELAND (4) . In all of his experiments, Freeland found that the rate of apparent photosynthesis was greater when CO2 entered through the stomate epidermis than when it entered through the non-stomate epidermis; and it appears from Freeland's work that the amount of CO2 entering through the epidermal cells is a function of the thickness of the cuticle. In plants with thin cuticle the amnount of CO2 that entered the non-stomate surface was approximately equal to the amount which diffused through the surface with stomates. In plants with thick cuticle little or no apparent photosynthesis could be detected when CO2 contacted only the non-stomate epidermis.
Cutin is not an impervious barrier. Water loss is known to take place through the cutinized epidermal walls of leaves and stems. Furthermore, CO2 is known to be soluble in cutin so it seems very possible that molecules of the gas may penetrate the cutinized wall of the epidermal cells and reach the internal cells of the leaf. ROBERTS et al. (11) this kind. The plants grow vigorously in the greenhouse and are easily maintained in the laboratory. The Coleus was of a variety containing a double factor for chlorophyll and the leaves were entirely green. The experimental plants were taken from the greenhouse on the day they were to be used and returned after the selected leaves had been exposed to carbon dioxide.
The apparatus for exposing the leaf to C02 consisted of a special leaf cup, figure 1, as part of the gas flow system previously described by the author (2). The leaf cup was sealed with liquid latex to the upper or lower surface of a leaf as described by WILSON (17) . The latex coagulated and made a good seal within one hour. The seal was checked for leaks and the entire plant was placed in the hood with the ground glass joints of the cup connected to the gas flow system. Coleus and Hydrangea leaves were treated with 1, 5, and 107% carbon dioxide in air. Experiments were performed with the cup attached to the lower or to the upper surface of leaf.
Penetration of CO2 was determiiined when the stomates were closed (in the dark) as well as wlhen they were open (in the light).
Additional studies were conducted with Hydrangea leaves in the dark. In these experiments a section from a Hydrangea leaf, one and one-half inches in diameter, was removed witlh a cork borer. This section was sealed with latex to the leaf cup, figure 2, with the leaf section extending to the outer edge of the ground glass flange on the cup. A small staining dish (A) filled with 0.1 N Ba (OH)2 was sealed to the lower leaf surface. Latex was used to seal the cut edge of the leaf section and was extended over the flange of the cup and down the side of the dish so that an air tight system was obtained. The hood was darkened three hours before the experiment was started. During the experiment the gas moved from tube (D) through the cup (C) and out the second tube (E). Any carbon dioxide absorbed in the staining dish must have penetrated the leaf. The sampling of the leaves that were attached to the plant during the experiment was conducted in several ways. In the first method of sampling, the section of leaf under the cup was cut out with a sharp cork borer of the same diameter as the cup and the surface which had been exposed to the gas was washed with a fine stream of 0.1 N HCl. This was followed by several washings with distilled water. The purpose of this acid wash and rinse was to remove adsorbed carbon dioxide. The leaf section was placed between small pads of filter paper in an aluminum counting disk and dried at 80°C. A 100-gram weight was used to press the section while it was drying. A section of the treated leaf on the opposite side of the mid-vein was also pressed and dried. This section was used to measure translocation of CO2 across the leaf. A control section was removed from the leaf on the opposite side of the stem. After the sections were dried, their activities were determined by a Geiger counter with a thin end-window.
In the second method of sampling, one treated leaf in each series of experiments was removed from the plant along with the opposite leaf and used for a gross radioautogram. The section under the cup was washed and rinsed as before but the leaf was left intact. The treated and control leaves were dried between sheets of filter paper at 800 C and placed in contact with Eastman No-Screen X-Ray film. After four weeks the film was developed and fixed and used to show the presence and distribution of C14.
The detailed radioautographic technique (3) was also used to show the permeability of non-stomate leaf epidermis to CO2. In the experiment with Hydrangea leaf sections as shown in figure 2 , the sections under the cup were washed, dried, and counted in the usual manner. The CO2 that penetrated the leaf was absorbed by the Ba (OH)2 and precipitated as BaCO3. This precipitate was transferred to a special filter disk by washing; and after drying, the activity of the carbonate was determined by a Geiger counter.
Results and discussion
In these experiments a radioactive tracer technique using C14 was employed to indicate absorption and movement of CO2. Due to the low efficiency of Geiger tube counting and to the lack of standardization it is impossible to make an absolute comparison of epidermal permeability to CO2 from the results. It is also assumed that the difference between diffusion of C1402 and naturally occurring CO2 is only about 2%o as calculated from Graham's Law of Diffusion which relates the rate of gaseous diffusion to the reciprocal of the square root of the molecular weight. In an exchange reaction involving C12 and C14, the difference in rate of diffusion would be about 10%. For a short exposure to the gas the error introduced is small. Permeability of the leaf epidermis to CO2 has been determined by measuring the radioactivity of the carbon-14 atoms which were fixed within the leaves. Results are presented in counts per second (c/s). Table I shows the activity of the Hydrangea leaf sections, and therefore the permeability of the epidermis to CO2, when the leaves were exposed to 1, 5, and 10% CO2 for four hours. The error in counting was ± 0.02 c/s and the correction for self-absorption was n/0.69. The ratio of the activities of the upper epidermis to the lower epidermis in all cases is close to unity. The absorption thicknesses of the Hydrangea and Coleus leaf sections which have been dried are 2.7 and 2.2 mg./cm.2, respectively. If the C14 were preferentially adsorbed on the surface which had been exposed to CO2 the ratios listed in column 4 of table I would not be one. The self-absorption of C14 ,8 rays by samples of 2.7 and 2.2 mg./cm. decreases the measured activities to 0.68 and 0.74 of the maximum specific activity. Therefore, the activity of the untreated side of the leaf sections would be less than the activity of the treated side if the CO2 were adsorbed. This would mean that the activity ratios would be greater than unity for experiments in which the upper epidermis was treated and less than unity when the lower epidermis was treated. The mean value of the ratio for Hydrangea is 1.03 + 0.04. For Coleus the mean value is 1.05 + 0.07. The mean values of the activity ratios as well as most of the individual observations are greater than one. This fact can be attributed to the greater photosynthetic fixation of carbon in the palisade tissue of the leaf as compared to the spongy tissue (9) . Figure 3 is a flat radioautogram of a Hydrangea leaf which was exposed to 10% CO2 for four hours. The leaf cup was sealed to the upper epidermis. At the end of the experiment the exposed epidermis was washed with 0.1 N HCl and water before drying. After the leaf was dried, it was placed between two No-Screen X-Ray films for four weeks. The intensity of blackening of the two X-Ray films was the same. If the CO2 had been preferentially adsorbed on the upper epidermis the autograph of the lower epi- dermis would have been less intense than the autograph of the upper epidermis.
Additional evidence that CO2 penetrates non-stomated epidermis is shown in figure 4 . Histological preparations of Coleus and Hydrangea leaves exposed to CO2 were prepared according to the method of DUGGER and MORELAND (3) . Figure 4 is a photomicrograph of a cross section of a Coleus leaf. The upper epidermis of the leaf was exposed to 1%7 CO2 for four hours. The leaf section was in contact with the photographic plate for four weeks prior to developing and staining. Figure 4 shows carbon dioxide. When the upper epidermis of the leaf is exposed to 10%G CO2 the amount of carbon fixed within the leaf is about 30% of the amount fixed when the lower epidermis of the leaf is exposed. At 1 and 5%o CO2 in the external gas the values are 4 and 6%o. These small values at 1 and 5% CO2 are due in part to the decrease in the penetration of the gas through the upper epidermis and in part to the increased penetration of CO2 throwAgh the epidermis with stomates. The lower values for the amount of carbon fixed when absorption occurred through the lower epidermis of Hydrangea leaves at 5 and 10% C02 are probably caused by the influence of the gas on the stomates and the photosynthetic mechanism. HEATH (5) the epidermis. The activity of the leaf section used to separate the gas from the absorbing solution is only a small fraction of the activity of the BaCO3 formed, and the activity of the precipitate is proportional to the CO2 concentration on the opposite side of the leaf. In the light, CO2 was removed from the intercellular spaces of the leaf tissue by photosynthesis. As a result, the concentration gradient of CO2 across the leaf epidermis was maintained. In the dark the concentration gradient of CO2 extended through the leaf, and the permeability of the epidermis in the dark is indicated by the high activity of the precipitated carbonate. 
